Introduction
============

Pulmonary hypertension (PH) is a devastating, life-threatening condition characterized by vasoconstriction and vascular remodeling, resulting in a progressive increase in pulmonary arterial pressure (PAP).[@b1-copd-13-3777],[@b2-copd-13-3777] Chronic obstructive pulmonary disease (COPD) leads to the development of hypoxia, which in turn causes vascular occlusion and neointimal formation.[@b3-copd-13-3777],[@b4-copd-13-3777] The treatment of PH involves the establishment of pulmonary vascular homeostasis, which is mainly achieved through the use of endothelial nitric oxide synthase (eNOS).[@b5-copd-13-3777],[@b6-copd-13-3777] Arginase 2 (Arg2) is an important isoenzyme that is present in the endothelial cells (ECs) of humans and other species.[@b7-copd-13-3777] Arg2 competes with eNOS to bind with L-arginine, which has been implicated in the development of vascular dysfunction.[@b8-copd-13-3777] The Krüppel-like factor (KLF) family -- a subclass of the zinc finger family of DNA-binding transcriptional factors -- regulates a broad range of cellular processes, including cell differentiation, angiogenesis, and erythropoiesis.[@b9-copd-13-3777],[@b10-copd-13-3777] Recent studies have shown that KLF15 plays a critical role in protection against cell proliferation and migration, heart failure, aortic aneurysm formation, and activation of proinflammatory processes in vascular smooth muscle and atherogenesis.[@b11-copd-13-3777],[@b12-copd-13-3777] Furthermore, KLF15 has been reported to contribute to pulmonary endothelial homeostasis by regulating the expression of endothelial Arg2 and eNOS. This suggests that modulation of KLF15 overexpression may represent a novel therapeutic target in PH.[@b13-copd-13-3777]

Several circulating biomarkers have been identified as having the potential to be noninvasive, objective, and repeatable parameters that may be useful for the diagnostic and prognostic assessment and the evaluation of the treatment response in various diseases.[@b14-copd-13-3777] In the last few years, circulating miRNAs have emerged as promising biomarkers in multiple conditions.[@b15-copd-13-3777],[@b16-copd-13-3777] The expression levels of circulating miRNAs have been correlated with the onset and development of multiple diseases, including PH.[@b17-copd-13-3777]--[@b19-copd-13-3777] This opens new avenues for the screening and monitoring of PH. Recent studies have indicated that miRNAs may play key roles in regulating the physiological and pathophysiological processes that are triggered on exposure to hypoxic conditions.[@b20-copd-13-3777] The miRNAs that show dynamic alterations in expression on exposure to hypoxic conditions are called "hypoxamirs."[@b21-copd-13-3777] Hypoxamirs are believed to contribute to the pathogenesis and development of hypoxia-induced PH -- a major complication of COPD -- by regulating the target gene expression.[@b22-copd-13-3777],[@b23-copd-13-3777] miR-190 has been reported to be a hypoxamir.[@b24-copd-13-3777] It has also been shown to be a positive regulator of Ca^2+^ influx and to play an important role in hypoxic pulmonary vasoconstriction.[@b25-copd-13-3777] A previous study reported that progressive hypobaric hypoxia significantly increases the levels of circulating miR-190 and that these increases correlate significantly with increased systolic PAP, independent of the extent of hypoxemia.[@b26-copd-13-3777] Recently, miR-190 was officially listed after miR-190a-5p in the miRBase (<http://www.mirbase.org/>, Accession number: MIMAT0000458). Moreover, using a target prediction algorithm TargetScan database (TargetScan 7.2; <http://www.targetscan.org>) and [microRNA.org](http://microRNA.org) database (<http://www.microrna.org>), the mRNA sequence of KLF15 was predicted to contain a conserved "seed" sequence complementary to miR-190a-5p in the 3′-UTR. The above findings prompted us to further evaluate whether miR-190a-5p exerts its effects via KLF15 in hypoxia-induced PH.

The present study aimed to investigate the potential diagnostic and prognostic role of circulating miR-190-a-5p in patients with COPD that is complicated with PH. In addition, we investigated the effect of miR-190a-5p on human pulmonary endothelial cells (HPECs) that were exposed to hypoxia and in an animal model of hypoxic PH. Additionally, we sought to determine whether miR-190a-5p interacted with the Arg2 and eNOS pathways by targeting KLF15.

Material and methods
====================

Patients and samples
--------------------

This was a prospective, observational study conducted on 73 consecutive patients with PH and 32 healthy controls recruited from the department of Respiratory and Critical Care Medicine, The First Affiliated Hospital of Guangxi Medical University, between January 1, 2015, and December 31, 2015. The blood samples of all the patients were collected to evaluate the miR-190a-5p levels. The inclusion criteria for this study were as follows: 1) Patient underwent right-sided heart catheterization for measurement of PAP. 2) Mean PAP (mPAP) was elevated to more than 25 mm Hg, and pulmonary capillary wedge pressure was \<15 mm Hg (and pulmonary vascular resistance \[PVR\]\>3 Wood units).[@b27-copd-13-3777] 3) The diagnosis and classification of PH were made according to the standard criteria defined in the 2015 guidelines for PH.[@b28-copd-13-3777] Patients were excluded if they had malignancy, impaired level of consciousness, obstructive sleep apnea syndrome, or sepsis; if they had undergone renal replacement therapy; if they required mechanical ventilation, intensive care unit admission, or treatment with vasopressors; or if they had a history of arrhythmia, valvular or coronary heart disease, or left ventricle dysfunction. We also excluded patients who had PH secondary to left-sided heart disease because the World Health Organization classifies these patients as group 2 PH or pulmonary venous hypertension.[@b28-copd-13-3777] The group of healthy controls included 32 healthy volunteers who underwent ultrasonography and showed no evidence of PH. Patient follow-ups were performed via telephone interviews conducted by the study investigators every 3 months for 2 years. The primary endpoint was defined as all-cause mortality. None of the subjects in this study were lost to follow-up.

The demographic characteristics of the patients, including age, sex, and body mass index (BMI), were recorded. Blood samples were collected from each patient at the time of admission. The samples were used for the measurement of the arterial blood gases (partial pressure of arterial oxygen \[PaO~2~\] and partial pressure of arterial carbon dioxide \[PaCO~2~\]), estimated glomerular filtration rate (eGFR), C-reactive protein (CRP), and laboratory variables. Peripheral blood samples were collected and centrifuged at 3,000× *g* for 15 minutes at 4°C; the supernatant was then acquired and further centrifuged at 12,000× *g* for 10 minutes at 4°C. Next, the supernatants were transferred into fresh tubes and stored at −80°C before quantitative reverse transcriptase-PCR (qRT-PCR) analysis. Respiratory function data and echocardiographic data were obtained within 48 hours of collecting the blood samples. In addition, invasive hemodynamic data were included if right heart catheterization was performed within 2 weeks of the blood sample collection. Depending on the mPAP and cardiac index (CI) values, patients with COPD-PH were classified into severe and non-severe COPD-PH subgroups. The severe COPD-PH group was defined as patients with an mPAP of ≥35 mm Hg or mPAP of ≥25 mm Hg with a low CI (\<2.0 L/min/m^2^). The non-severe COPD-PH subgroup was defined as patients with an mPAP of 25--35 mm Hg with a normal CI.[@b29-copd-13-3777],[@b30-copd-13-3777]

The study protocol was approved by the Ethics Committee of The First Affiliated Hospital of Guangxi Medical University, and the study was carried out in accordance with the Declaration of Helsinki. All of the participants enrolled in this study received oral and written information regarding the objectives of the study, following which they provided written consent.

Cell culture experiments
------------------------

Human pulmonary arterial endothelial cells (HPAECs), human pulmonary microvascular endothelial cells (HPMECs), human pulmonary artery smooth muscle cells (HPASMCs), and human pulmonary artery fibroblasts (HPAFs) (all purchased from Science Cell Research Laboratories, Carlsbad, CA, USA) were maintained in endothelial medium culture medium, according to the supplier's instructions. For the experiments, HPAECs, HPMECs, HPASMCs, and HPAFs were cultured under normoxic or hypoxic conditions for 24 hours. The hypoxic environment was produced by placing the cells within hypoxic pouches (GasPak™ EZ; BD Biosciences, San Jose, CA, USA) that were equilibrated with 95% N~2~ and 5% CO~2~ and maintained at 37°C for 24 hours.[@b31-copd-13-3777],[@b32-copd-13-3777]

Transfection of HPAECs with miRNAs and siRNA
--------------------------------------------

To induce the overexpression of miR-190a-5p, HPAECs were transfected with 100 nM of has-miR-190a-5p mimic (sense: 5′-UGAUAUGUUUGAUAUAUUAGGU-3′, miR10000458-1-5; purchased from Guangzhou RiboBio Co., Ltd., Guangzhou, China) To inhibit miR-190a-5p expression, HPAECs were transfected with 100 nM of has-miR-190a-5p inhibitor (sense: 5′-ACCUAAUAUAUCAAACAUAUCA-3′, miR20000458-1-5; purchased from Guangzhou RiboBio Co., Ltd.). The control cells were transfected with a negative control (sense: 5′-UCACAACCUCCUAGAAAGAGUAGA-3′, miR01201-1-5; purchased from Guangzhou RiboBio Co., Ltd) under the same experimental conditions. For KLF15 knockdown, HPAECs were transfected with human endoribonuclease-prepared small interfering RNA against KLF15 (sense: 5′-GCAUUUCUGCUUGCCCGAGUUUCCU-3′, human siRNA KLF15, AM16708; purchased from Thermo Fisher Scientific, Waltham, MA, USA). To achieve complete KLF15 knockdown, the transfection was performed twice at intervals of 24 hours, and the experiments were performed 24 hours after the second transfection. According to the manufacturer's instructions, we used Lipofectamine^®^ 2000 reagent (Thermo Fisher Scientific, Waltham, MA, USA) to perform all of the transfections.

Luciferase reporter assay
-------------------------

The KLF15 3′-UTR containing the miR-190a-5p target sequence, as well as the mutant sequences that were used, were chemically synthesized (GenScript, Nanjing, China) and cloned into the PGL3 control vector (Promega Corporation, Madison, WI, USA) downstream of the luciferase gene using the XbaI site. The resulting plasmids were designated KLF15 3′-UTR-luci-wild type (WT) and KLF15 3′-UTR-luci-mutant (Mut). HPAECs were transfected with either KLF15 3′-UTR-luci-WT or KLF15 3′-UTR-luci-Mut in 24-well plates using the transfection reagent Lipofectamine 2000, according to the manufacturer's instructions. The cells were also co-transfected with an miR-190a-5p mimic, an miR-190a-5p inhibitor, or the same concentration of the negative control. In addition, each well was co-transfected with the pRL-TK plasmid (Promega Corporation) to assess the transfection efficiency. Subsequently, the Dual-Luciferase^®^ Reporter Assay System (Promega Corporation) was used to measure the firefly and renilla luciferase activity levels in the cells that were harvested 24 hours after transfection. Each transfection was performed in triplicate.

Hypoxic PH animal model and experimental protocols
--------------------------------------------------

All animal care practices and animal experimental procedures in this study were approved by the Guangxi Medical University Animal Welfare & Ethics Committee and were conducted in accordance with the guidelines of the National Research Council (US) for the care and use of laboratory animals (2011).

The experimental animals were obtained from the Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) and maintained at the Animal Experiment Center of Guangxi Medical University (Guangxi, China). The method for the establishment of an animal model for hypoxia-induced PH has been described extensively in previous studies.[@b33-copd-13-3777],[@b34-copd-13-3777] Twenty-four adult (aged between 8 and 10 weeks) male C57BL/6J mice were randomly assigned to three groups in equal number: a normoxia group, a hypoxia-antagomir negative control (hypoxia-antagomir-NC) group, and a hypoxia-antagomir-190a-5p group. The mice were housed either in room air or in a hypoxic chamber with 10%±0.5% O~2~ for a period of 4 weeks. The antagomir-190a-5p (sense: 5′-ACCUAAUAUAUCAAACAUAUCA-3′, miR30000458-1-10; purchased from Guangzhou RiboBio Co., Ltd.) or the antagomir-NC (sense: 5′-UUUGUACUACACAAAAGUACUG-3′, miR03101-1-10; purchased from Guangzhou RiboBio Co., Ltd.) were dissolved in prewarmed PBS and administered as an intravenous injection (injected into the tail vein at a dose of 8 mg/kg) in the groups exposed to hypoxic conditions on days 14, 17, 20, 23, and 26.[@b33-copd-13-3777]

Measurement of hemodynamic parameters and right-sided heart hypertrophy
-----------------------------------------------------------------------

The mice were anesthetized by administration of sodium pentobarbital (60 mg/kg), tracheotomized, and placed under artificial ventilation. A catheter was introduced into the right jugular vein and advanced into the right ventricle for measurement of the right ventricular systolic pressure (RVSP). The RVSP was measured and analyzed using a PowerLab system (AD Instruments, Colorado Springs, Australia). After the completion of the hemodynamic measurements, the hearts and lungs were removed. The right ventricle (RV) wall was carefully separated from the left ventricle (LV) and septum (S), and both the separated portions were blotted dry and weighed immediately. The ratio of the free wall of the right ventricle weight to the weight of the left ventricle and septum (RV/(LV+S)) was calculated as an index based on hypertrophy of the RV. Frozen lung tissues were used for Western blotting analysis and real-time (RT)-PCR analysis, as described below.

Real-time quantitative PCR analysis
-----------------------------------

The levels of miR-190a-5p were quantified by qRT-PCR in human plasma, human pulmonary cell lines, and the lung tissues of mice. The relative expression levels of KLF15 mRNA were quantified by real-time qRT-PCR of human plasma. The total RNA was isolated using the TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer's instructions. The RNA was then reverse transcribed into cDNA using a PrimerScript Real-time reagent kit (Takara Bio Inc., Otsu, Shiga, Japan). In accordance with the manufacturer's instructions, qPCR was performed using SYBR Green PCR Master Mix (Takara Biotechnology Co., Ltd.) and the ABI 7500 Real-time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The primer sequences used were as follows: miR-190a-5p forward, 5′-GCAGGCCTCTGTGTGATATGT-3′ and reverse, 5′-GGCAAGACACTGTAGGAATATGT-3′; KLF15 forward, 5′-TACACCAAAAGCAGCCACCT-3′ and reverse, 5′-TCTTCTCGCACACAGGACAC-3′ (Shanghai GenePharma Co., Ltd.). The PCR conditions included template denaturation at 95°C for 10 minutes, followed by a total of 40 cycles at 95°C for 15 seconds and 60°C for 1 minute. Cel67 and GAPDH were used as the internal references. Data analyses were performed using the 2^−∆∆Cq^ method for calculating the relative expression levels of miR-190a-5p.

Western blot analysis
---------------------

Solubilized protein lysates were isolated from the HPAECs, HPMECs, and lung tissue of mice and were used to determine the levels of KLF15, eNOS, and Arg2. The total protein from HPAECs, HPMECs, and lung tissues of mice was extracted by using 1% radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Jiangsu, China) containing 1 mM phenylmethanesulfonyl fluoride. The supernatants were then collected, and the protein concentration was determined using a Bicinchoninic Acid Protein Assay Kit (Pierce Biotechnology, Inc., Rockford, IL, USA). The isolated proteins (80 µg) were then resolved onto 12% SDS-PAGE gels and transferred to nitrocellulose membranes (Sigma-Aldrich, St. Louis, MO, USA). The membranes were then blocked for 1 hour at room temperature, using 5% non-fat milk dissolved in PBS, and incubated overnight at 4°C with the following poly-clonal antibodies (Santa Cruz Biotechnology, Inc., Dallas, TX, USA): mouse anti-KLF15 antibody (1:500; cat. no sc-271675), mouse anti-Arg2 antibody (1:500), mouse anti-eNOS/NOS3 antibody (1:500), and mouse anti-GADPH antibody (1:500). Antibody treatment was followed by three 10-minute washes with Tris-buffered saline solution containing 0.05% Tween-20 (TBST) and incubation with horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G (1:1,000; Santa Cruz Biotechnology, Inc.). Next, the TBST washes were again repeated in the same fashion, and the protein was detected by chemiluminescence with the Pierce-enhanced chemiluminescence Western blotting substrate (Pierce Biotechnology, Inc.). All the data for Western blot analysis were quantified using ImageJ 1.48 software (National Institutes of Health, Bethesda, MD, USA) and data were normalized to GADPH.

Statistical analysis
--------------------

The data were processed using GraphPad Prism 7 for Windows, version 7.04 (GraphPad Software, Fay Avenue, La Jolla, CA, USA) and STATA 12.0 (Lakeway Drive, College Station, TX, USA). The data are presented as absolute numbers, percentages, mean ± SD, median, interquartile range, or scatter dot plots (each dot represents one patient or an independent experiment). For multiple comparisons, a one-way or two-way analysis of variance was used, followed by Tukey's test. For unpaired data, the two-tailed Student *t*-test was used to evaluate single comparisons between the different experimental groups. Data normality was tested by visual inspection of histograms and by using the skewness and kurtosis test for normality. Cox regression analysis included potential confounders, and selected variables with *P*\<0.1 were forced into the model. Kaplan-- Meier survival analysis was performed to estimate survival. For all survival analyses, the time from sampling to event/censoring was taken into consideration. Receiver operator characteristic (ROC) curves were plotted to assess the sensitivity and specificity of the biomarkers and to determine the cutoff points.

Results
=======

Demographic and clinical characteristics
----------------------------------------

In this study, we enrolled a total of 73 patients with PH and 32 healthy subjects, including 27 patients with COPD-PH, 15 patients with idiopathic pulmonary arterial hypertension (IPAH), 13 patients with connective tissue disorder-associated PAH (PAH-CTD), and 18 patients with chronic thromboembolic pulmonary hypertension (CTEPH). The demographic and clinical characteristics of the participants are shown in [Table 1](#t1-copd-13-3777){ref-type="table"}. Among the 73 patients with PH in this study, 44 (60%) were women. The median age of all 73 patients with PH was 59 years. The mean BMI of the patients with PH was 27.5±2.8 kg/m^2^, and the mean eGFR of the patients with PH was 60.9±20.9 mL/min/1.73 m^2^.

Levels of circulating miR-190a-5p are higher in patients with COPD-PH than in healthy controls, in correlation with disease severity
------------------------------------------------------------------------------------------------------------------------------------

To determine whether miR-190a-5p was responsible for the development and severity of various types of hypoxia-induced PH, such as PH in patients with COPD, we quantified the expression levels of miR-190a-5p and KLF15 mRNA. The levels of miR-190a-5p were significantly higher in the global cohort of patients with PH and in the subgroup of patients with COPD-PH than in healthy controls ([Figure 1A](#f1-copd-13-3777){ref-type="fig"}). The relative expression levels of KLF15 mRNA were significantly lower in the global cohort of patients with PH and in the subgroup of patients with COPD-PH than in the healthy controls ([Figure 1B](#f1-copd-13-3777){ref-type="fig"}). Patients with COPD-PH who had low arterial oxygen tension (PO~2~ of \<60 mm Hg) were found to have significantly higher levels of miR-190a-5p and lower relative expression levels of KLF15 mRNA than the patients with high arterial oxygen tension (PO~2~ \>60 mm Hg; [Figure 1C](#f1-copd-13-3777){ref-type="fig"}). Furthermore, patients with severe COPD-PH had higher miR-190a-5p levels and lower KLF15 mRNA levels as compared to those in the mild or moderate COPD subgroups ([Figure 1D](#f1-copd-13-3777){ref-type="fig"}). The miR-190a-5p levels were negatively correlated with the relative expression of KLF15 mRNA levels in the subgroup of patients with COPD-PH ([Figure 1E](#f1-copd-13-3777){ref-type="fig"}).

Circulating miR-190a-5p levels as markers for diagnosis and prognosis in patients with COPD-PH
----------------------------------------------------------------------------------------------

Because the increase in the miR-190a-5p levels correlated with the severity of COPD-PH, we investigated whether miR-190a-5p could be used as a diagnostic and prognostic marker for the condition. The area under the curve (AUC) for the prediction of PH using circulating miR-190a-5p levels was 0.658 (95% CI 0.553--0.764), and the cutoff point was 2.0, yielding a sensitivity of 0.534 and a specificity of 0.781 ([Figure 2A](#f2-copd-13-3777){ref-type="fig"}). The AUC of circulating miR-190a-5p to predict COPD-PH was 0.811 (95% CI 0.693--0.929) and the cutoff point was 2.75, with a sensitivity of 0.704 and a specificity of 0.844 ([Figure 2B](#f2-copd-13-3777){ref-type="fig"}). Univariate Cox regression analyses identified PO~2~ as a risk factor for all-cause mortality (HR 0.873; 95% CI; 0.791--0.963; *P*=0.007) in patients with COPD-PH ([Table 2](#t2-copd-13-3777){ref-type="table"}); this finding remained consistent even in multivariate analysis, indicating that PO~2~ was an independent risk factor for all-cause mortality (HR 0.847, 95% CI 0.762--0.987; *P*=0.034) in this patient population. The forced expiratory volume in 1 second (FEV~1~%) and miR-190a-5p level were the two other parameters identified as independent risk factors of all-cause mortality in patients with COPD-PH (HR 0.904, 95% CI 0.824--0.992; *P*=0.032 and HR 1.740, 95% CI 1.053--2.875; *P*=0.031, respectively). Survival analysis showed no relationship between miR-190a-5p levels and all-cause mortality in patients with PH ([Figure 2C](#f2-copd-13-3777){ref-type="fig"}). However, there was an increased 2-year survival rate in patients with COPD-PH that had low miR-190a-5p levels (\<2.75) as compared to those with high miR-190a-5p levels (≥2.75, *P*=0.049; [Figure 2D](#f2-copd-13-3777){ref-type="fig"}).

Effects of hypoxia on the expression of miR-190a-5p, KLF15, Arg2, and eNOS in HPECs
-----------------------------------------------------------------------------------

Once the clinical relevance of miR-190a-5p was established, we attempted to identify potential miR-190a-5p sources that could mediate the effect of hypoxia on the onset and progression of PH in cell and animal models. Exposure to hypoxia significantly decreased the expression of KLF15 and eNOS protein in HPAECs and HPMECs ([Figure 3A--C](#f3-copd-13-3777){ref-type="fig"}). However, the expression level of Arg2 protein was significantly increased in HPAECs and HPMECs that were exposed to hypoxia ([Figure 3A--C](#f3-copd-13-3777){ref-type="fig"}). The results also showed that the levels of miR-190a-5p in HPAECs and HPMECs that were exposed to hypoxia for 24 hours were significantly higher than those in the cells that were maintained under normoxic conditions ([Figure 3D](#f3-copd-13-3777){ref-type="fig"}). The levels of miR-190a-5p in HPASMCs and HPAFs that were exposed to hypoxia were not significantly different from those in the cells that were maintained under normoxic conditions ([Figure 3D](#f3-copd-13-3777){ref-type="fig"}).

miR-190a-5p expression correlated with the expression levels of Arg2 and eNOS by targeting KLF15
------------------------------------------------------------------------------------------------

KLF15 has been reported to serve as a critical regulator of pulmonary endothelial homeostasis by modulating the endothelial expression of Arg2 and eNOS. Therefore, we investigated whether miR-190a-5p levels correlated with the expression levels of Arg2 and eNOS by targeting KLF15. The potential binding sites for KLF-15 on miR-190a-5p were predicted using Target Scan ([Figure 4A](#f4-copd-13-3777){ref-type="fig"}). The luciferase reporter assay was used to confirm these predictions. Data from the luciferase reporter assay showed that HPAECs that were transfected with an miR-190a-5p inhibitor had markedly higher luciferase activity of KLF15 3′-UTR-luci-WT than observed in the control group, without any such obvious changes in the luciferase activity of KLF15 3′-UTR-luci-Mut ([Figure 4B](#f4-copd-13-3777){ref-type="fig"}). In contrast, the luciferase activity of KLF15 3′-UTR-luci-WT was lower in cells that were transfected by the miR-190a-5p mimic than that observed in the control group (*P*\<0.0001; [Figure 4B](#f4-copd-13-3777){ref-type="fig"}).

In the HPAECs that were transfected with the miR-190a-5p mimic and siRNA KLF15, the protein expression levels of KLF15 and eNOS were significantly lower, while the expression levels of Arg2 were significantly higher compared to the values that were observed in the control cells ([Figure 4C and D](#f4-copd-13-3777){ref-type="fig"}). In contrast, the inhibitor of miR-190a-5p significantly increased the protein levels of KLF15 and eNOS and decreased the expression of Arg2, as compared to levels observed in the control groups ([Figure 4C and D](#f4-copd-13-3777){ref-type="fig"}).

The in vivo effect of antagomir-190a-5p on the expression of KLF15, Arg2, and eNOS and the development of hypoxic PH
--------------------------------------------------------------------------------------------------------------------

To study the effect of miR-190a-5p inhibition on the expression levels of KLF15, Arg2, and eNOS, as well as the development of hypoxic PH, we established an animal model of PH by exposing mice to hypoxia and intravenously administering antagomir-190a-5p or a scramble negative control. In the hypoxia-antagomir-NC group, RVSP and RV/(LV+S) were significantly higher than those in the normoxia group ([Figure 5A--E](#f5-copd-13-3777){ref-type="fig"}). The increased RVSP and RV/(LV+S) was not observed in mice exposed to chronic hypoxia following administration of antagomir-190a-5p. The levels of miR-190-a-5p in the hypoxia-antagomir-NC group were significantly higher than those in the normoxia group. The levels of miR-190a-5p in the hypoxia-antagomir-190a-5p group were significantly lower than those in the hypoxia-antagomir-NC group ([Figure 5F](#f5-copd-13-3777){ref-type="fig"}). Compared to the normoxia group, the hypoxia-antagomir-NC group showed significantly lower expression levels of KLF15 protein and significantly higher expression levels of eNOS and Arg2 protein ([Figure 5G and H](#f5-copd-13-3777){ref-type="fig"}). Compared to the hypoxia-antagomir-NC group, the hypoxia-antagomir-190a-5p group showed significantly higher expression levels of KLF15 and eNOS protein and significantly decreased levels of Arg2 protein.

Discussion
==========

The findings of the present study show that the levels of circulating miR-190a-5p were increased in patients with PH, especially among those with COPD-PH. Higher levels of miR-190a-5p were associated with a lower PO~2~ and increased COPD-PH severity. We also found that circulating levels of miR-190a-5p may have the potential to be a new serum biomarker for the diagnosis and prognosis of COPD-PH. Moreover, we observed that hypoxia upregulates the expression of miR-190a-5p in HPAECs and HPMECs. Additionally, we found that the miR-190a-5p expression correlated with the expression levels of Arg2 and eNOS' by targeting KLF15. Our results suggest that the inhibition of miR-190-a-5p modulates the expression of KLF15, Arg2, and eNOS, thereby affecting the development of hypoxia-induced PH in an animal model.

PH can be idiopathic or hereditary or it can occur as a result of thromboembolism, hypoxia caused by vascular or pulmonary parenchymal disease, connective tissue disease, congenital heart disease, heart failure, or a combination of these factors.[@b28-copd-13-3777] In the case of COPD, hypoxia has been identified as the principal pathophysiological mechanism underlying the development of PH.[@b35-copd-13-3777],[@b36-copd-13-3777] Hypoxia leads to a decrease in the expression of eNOS in vascular ECs.[@b37-copd-13-3777],[@b38-copd-13-3777] However, several studies have indicated that the gene expression, protein content, and activity of lung eNOS are high in mice with chronic hypoxic PH.[@b39-copd-13-3777]--[@b41-copd-13-3777] These findings are consistent with our observations. Nitric oxide (NO) is a potent pulmonary artery vasodilator; altered NO production may contribute to the development of PH.[@b42-copd-13-3777],[@b43-copd-13-3777] Our study shows that, in response to hypoxia, the expression of KLF15 and eNOS decreased significantly, while the expression of Arg2 protein increased. Studies have shown that the production of eNOS-derived NO and endothelial function is reciprocally regulated by Arg2.[@b44-copd-13-3777],[@b45-copd-13-3777] KLF15 has been reported to mediate Arg2 regulation of the eNOS signaling pathway.[@b13-copd-13-3777] This was also confirmed in the present study. Moreover, we found that miR-190a-5p not only targeted KLF15 but also showed a correlation with the expression levels of Arg2 and eNOS. Hypoxia induces pulmonary endothelial dysfunction[@b46-copd-13-3777] as well as the resultant changes in the expression of KLF15, Arg2, and eNOS.[@b13-copd-13-3777] Moreover, the levels of miR-190a-5p in HPAECs and HPMECs increased significantly on exposure to hypoxia, which might be partially explained by the fact that miR-190a-5p belongs to the hypoxamir family and is upregulated during hypoxia. The changes in the expression of KLF15, Arg2, and eNOS in HPAECs and HPMECs in response to hypoxia provide an insight into the endothelial dysfunction that occurs not only in the pulmonary artery but also in the pulmonary microcirculation. Furthermore, hypoxia-induced increases in the expression of miR-190a-5p were observed in HPAECs and HPMECs. This suggests that the ECs of the pulmonary artery and pulmonary microcirculation are both the main sources of miR-190a-5p under hypoxic conditions. Consistent with our in vitro findings, the levels of miR-190a-5p were also found to be significantly higher in the animal model of hypoxic PH than in the control. We observed that antagomir-190a-5p administration prevented the development of hypoxia-induced PH in a mouse model, supported by the absence of an elevation in RVSP and RV/(LV+S) in animals treated with antagomir-190a-5p. We believe that the main reason for this phenomenon is that the inhibition of miR-190a-5p modulates the expression of Arg2 and eNOS by targeting KLF15, which relieves the pulmonary endothelial dysfunction that is induced by hypoxia, reverses the hypoxia-induced endothelium-mediated vasoconstriction, and attenuates the RVSP and right ventricular hypertrophy.

In this study, the miR-190a-5p levels in patients with COPD-PH were significantly higher than those in healthy controls, while there were no obvious differences between the other PH groups and the healthy controls. Although the miR-190a-5p levels in the global cohort of patients with PH were higher than those in the controls, it appears that this difference can mostly be attributed to the patients with COPD-PH, who represent the largest subgroup. Similarly, ROC curve analysis of the diagnostic value of miR-190a-5p revealed that the AUC of circulating miR-190a-5p for the prediction of COPD-PH was significantly greater than that of total PH.

Multivariate Cox regression analyses revealed that PO~2~, FEV~1~, and miR-190a-5p expression were independent risk factors of all-cause mortality in patients with COPD-PH. In addition, lower levels of miR-190a-5p were predictive of event-free survival in the COPD-PH subgroup, but not in the global PH group; this indicates that miR-190a-5p has a unique prognostic value in COPD-PH. COPD-related PH has been classified as group 3 "pulmonary hypertension due to lung disease and/or hypoxia,"[@b28-copd-13-3777] which suggests that exposure to hypoxic conditions plays a more important role in the pathophysiologic mechanism of COPD-PH than in other types of PH. This is an important reason why the circulating level of miR-190a-5p shows an independent prognostic value in patients with COPD-PH, but not in the global cohort of patients with PH. In addition, miR-190a-5p shows a negative correlation with KLF15 mRNA in patients with COPD-PH. Furthermore, higher levels of miR-190a-5p were associated with a lower PO~2~ and greater severity of COPD-PH. This implies that circulating miR-190a-5p not only serves as a marker for the diagnosis and prognosis of COPD-PH, but can also be used to evaluate the severity and progression of the disease.

Limitations
===========

Some limitations of the present study should be taken into consideration. First, computational miRNA target prediction analysis indicates that the miR-190a-5p fragment pairs well with the fragment of the KLF15 3′-UTR in the human species, but not in the same manner as that in the mouse. However, this UTR is highly conserved in mammals,[@b47-copd-13-3777] and a sequence (UGAUAUGUUUGAUAUAUUAGGU) within hsa-miR-190a-5p is the same as the seed sequence of the mmu-miR-190a-5p. Therefore, the differences between the miR-190a-5p in these two animal species are unlikely to reduce the validity of the data interpretation in this study. Second, although it would enable further confirmation of the current findings, we did not use microarray to examine the global expression of miRNA in this study. Third, the trial was carried out at a single center, and therefore, it is only representative of the local practices of managing COPD-PH. Therefore, the results of this study should not be directly extrapolated to other centers or countries. Finally, we could not collect the data on COPD patients with or without PH due to congenital heart disease; obtaining data on these patients could be helpful in gaining a comprehensive understanding of the role of miR-190a-5p in congenital heart disease.

Conclusion
==========

Our findings indicate that hypoxia-induced PH is mediated by pulmonary endothelial dysfunction; activation of the KLF15, Arg2, and eNOS pathways; as well as increased expression of miR-190a-5p. Consistent with these findings, we observed that inhibition of miR-190a-5p attenuated the development of hypoxia-induced PH via the Arg2 and eNOS pathways by modulating the expression of KLF15. The circulating miR-190a-5p level not only has the potential to be a diagnostic and prognostic marker but can also serve as a parameter for the evaluation of the progression of COPD-PH.
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![The increased circulating levels of miR-190a-5p in patients with COPD-PH correlate with disease severity.\
**Notes:** (**A**) Levels of miR-190a-5p in patients with PH were significantly higher than those in the healthy controls. The increase in miR-190a-5p levels was more significant in the COPD-PH groups than in the healthy controls. In contrast, there were no significant differences in the miR-190a-5p levels of the IPAH, PAH-CTD, CTEPH, and healthy controls groups. \**P*\<0.05, in comparison with healthy controls. \*\*\**P*\<0.001, in comparison with healthy controls. (**B**) The relative expression of KLF15 mRNA was significantly lower in the global cohort of patients with PH and the COPD-PH subgroup than in the healthy controls. In contrast, there were no significant differences in the relative expression of KLF15 mRNA of the IPAH, PAH-CTD, CTEPH, and healthy controls groups. \*\**P*\<0.01, in comparison with healthy controls. \*\*\*\**P*\<0.0001, in comparison with healthy controls. (**C**) Compared with COPD-PH patients with PO~2~ above 60 mm Hg, those with PO~2~ below 60 mm Hg had significantly higher levels of miR-190a-5p and significantly lower relative expression levels of KLF15 mRNA. \**P*\<0.05 compared with COPD-PH patients with PO~2~ above 60 mm Hg. \*\**P*\<0.01 compared COPD-PH patients with PO~2~ above 60 mm Hg. (**D**) Compared with non-severe COPD-PH patients, patients with severe COPD-PH had significantly higher levels of miR-190a-5p and significantly lower relative expression levels of KLF15 mRNA. \**P*\<0.05 compared with non-severe COPD-PH patients. (**E**) Higher levels of miR-190a-5p were significantly correlated with lower relative expression levels of KLF15 mRNA in COPD-PH patients.\
**Abbreviations:** COPD-PH, pulmonary hypertension secondary to chronic obstructive pulmonary disease; CTEPH, chronic thromboembolic pulmonary hypertension; IPAH, idiopathic pulmonary arterial hypertension; KLF15, Krüppel-like factor 15; PAH-CTD, connective tissue disorder-associated pulmonary arterial hypertension; PaO~2~, partial pressure of arterial oxygen; PH, pulmonary hypertension.](copd-13-3777Fig1){#f1-copd-13-3777}

![Circulating miR-190a-5p levels have diagnostic and prognostic value in COPD-PH patients.\
**Notes:** (**A**) ROC curve showing that the levels of miR-190a-5p have a significant value in the prediction of patients with PH. (**B**) ROC curve showing that the levels of miR-190a-5p in patients with COPD-PH have a better predictive value than that in patients with PH. (**C**) Kaplan--Meier survival curves indicate there is no relationship between the miR-190a-5p levels and all-cause death in patients with PH. The cutoff point (2.0) is derived from the ROC curve. (**D**) Kaplan--Meier survival curves indicate that patients with lower levels of miR-190a-5p have better event-free survival in the COPD-PH subgroup. The cutoff point (2.75) is derived from the ROC curve.\
**Abbreviations:** COPD-PH, pulmonary hypertension secondary to chronic obstructive pulmonary disease; PH, pulmonary hypertension; ROC, receiver operator characteristic.](copd-13-3777Fig2){#f2-copd-13-3777}

![Effects of hypoxia on the levels of miR-190a-5p, KLF15, eNOS, and Arg2 in HPAECs and HPMECs.\
**Notes:** (**A**) The expression levels of KLF15, eNOS, and Arg2 were determined in HPAECs and HPMECs exposed to normoxia and hypoxia by Western blot analysis. (**B**) Quantification of the relative expression levels of KLF15, eNOS, and Arg2 protein in HPAECs. The values obtained by densitometric measurements were normalized to the GADPH expression levels. \*\*\*\**P*\<0.0001 compared with the normoxic condition. (**C**) Quantification of the relative expression levels of KLF15, eNOS, and Arg2 protein in HPMECs. The values obtained by densitometric measurements were normalized to the GADPH expression levels. \*\*\*\**P*\<0.0001 compared with the normoxic condition. (**D**) The miR-190a-5p levels were determined in HPAECs, HPMECs, HPASMCs, and HPAFs exposed to normoxia and hypoxia by using RT-qPCR. \*\*\*\**P*\<0.0001 compared with the normoxic condition.\
**Abbreviations:** Arg2, Arginase 2; eNOS, endothelial nitric oxide synthase; HPAECs, human pulmonary arterial endothelial cells; HPAFs, human pulmonary artery fibroblasts; HPASMCs, human pulmonary artery smooth muscle cells; HPMECs, human pulmonary microvascular endothelial cells; KLF15, Krüppel-like factor 15; RT-qPCR, real-time quantitative PCR.](copd-13-3777Fig3){#f3-copd-13-3777}

![miR-190a-5p correlated with the expression levels of Arg2 and eNOS by targeting KLF15.\
**Notes:** (**A**) miRNA luciferase reporter assays in HPAECs co-transfected with WT or Mut KLF15 reporters and miR-190a-5p are shown. The medium panel indicates the WT forms of putative miR-190a-5p target sequences in the 3′-UTR of KLF15. The bottom panel indicates putative miR-190a-5p-binding sites with the 3′-UTR of KLF15. The shaded portion indicates mutations introduced into the 3′-UTR of KLF15. (**B**) Dual luciferase reporter assay in HPAECs. The luciferase activity of each group was calculated by normalizing the firefly luciferase activity to renilla luciferase activity. (**C**) The expression levels of KLF15, eNOS, and Arg2 were determined in HPAECs transfected with negative controls, miR-190a-5p inhibitor, miR-190a-5p mimic, and KLF15 siRNA by using Western blot. (**D**) Quantification of the relative expression levels of KLF-15, eNOS, and Arg2 protein in each group. The values obtained by densitometric measurements were normalized to GADPH expression levels. \*\*\*\**P*\<0.0001 compared with control.\
**Abbreviations:** Arg2, Arginase 2; eNOS, endothelial nitric oxide synthase; HPAECs, human pulmonary arterial endothelial cells; KLF15, Krüppel-like factor 15; Mut, mutant; WT, wild type.](copd-13-3777Fig4){#f4-copd-13-3777}

![In vivo effect of antagomir-190a-5p treatment on hemodynamic parameters, right heart hypertrophy, and the expression of KLF15, eNOS, and Arg2 in the hypoxia-induced PAH mouse model.\
**Notes:** (**A**) Representative tracings of RV pressures in the normoxia group. (**B**) Representative tracings of RV pressures in the hypoxia-antagomir-NC group. (**C**) Representative tracings of RV pressures in the hypoxia-antagomir-190a-5p group. (**D**) Quantitative analyses of RVSP in each group. \*\*\*\**P*\<0.0001 compared with the normoxia group; ^\#\#^*P*\<0.01 compared with the hypoxia-antagomir-NC group. (**E**) Quantitative analyses of RV/(LV+S) in each group. \*\*\**P*\<0.001 compared with the normoxia group; ^\#^*P*\<0.05 compared with the hypoxia-antagomir-NC group. (**F**) The miR-190a-5p levels were determined in the lung tissue of mice by using RT-qPCR. \*\*\*\**P*\<0.0001 compared with the normoxia group; ^\#\#\#\#^*P*\<0.0001 compared with the hypoxia-antagomir-NC group. (**G**) The expression levels of KLF15, eNOS, and Arg2 were determined in the lung tissue of mice by using Western blot. (**H**) Quantification of the relative expression levels of KLF-15, eNOS, and Arg2 protein in each group. The values obtained by densitometric measurements were normalized to the GADPH expression levels. \*\*\*\**P*\<0.0001 compared with the normoxia group; ^\#\#\#\#^*P*\<0.0001 compared with the hypoxia-antagomir-NC group.\
**Abbreviations:** Arg2, Arginase 2; eNOS, endothelial nitric oxide synthase; KLF15, Krüppel-like factor 15; NC, negative control; PAH, pulmonary arterial hypertension; RVSP, right ventricular systolic pressure; RV/(LV+S), the ratio of the free wall of the right ventricle weight to the weight of the left ventricle and septum.](copd-13-3777Fig5){#f5-copd-13-3777}

###### 

Demographic and clinical characteristics of participants with pulmonary hypertension and controls

                            PH                                                               COPD-PH                                                          IPAH                                                       PAH-CTD                                                    CTEPH                                                      Healthy controls
  ------------------------- ---------------------------------------------------------------- ---------------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------- -------------------
                                                                                                                                                                                                                                                                                                                                               
  Patients, n               73                                                               27                                                               15                                                         13                                                         18                                                         32
  Age (years)               59 (47--67)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}         64.3 (5.3)                                                       40.8 (10.9)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}   45.7 (9.9)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}    65.8 (7.5)                                                 63.9 (6.8)
  Female sex, n (%)         44 (60)                                                          12 (44)                                                          11 (73)                                                    11 (85)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}       10 (56)                                                    17 (53)
  BMI (kg/m^2^)             27.5 (2.8)                                                       27.6 (3.1)                                                       26.9 (2.4)                                                 26.5 (2.0)                                                 28.8 (3.0)                                                 27.8 (2.5)
  eGFR (mL/min/1.73 m^2^)   60.9 (20.9)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}         64.1 (20.2)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}         66.6 (18.8)                                                53.9 (21.3)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}   56.6 (22.5)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}   78.2 (14.8)
  CRP (mg/L)                33.8 (20.3)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}         42.5 (18.9)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}         20.7 (11.9)                                                46.8 (23.7)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}   22.3 (11.9)                                                16.5 (7.8)
  PaO~2~ (mm Hg)            66.2 (10.0)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}         62.1 (8.1)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}          73.8 (11.7)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}   70.0 (9.3)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}    63.3 (7.4)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}    85.9 (5.4)
  PaCO~2~ (mm Hg)           46.7 (9.9)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}          54.9 (10.0)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}         38.9 (36.9--44.9)                                          41.2 (5.1)                                                 40.6 (37.8--48.1)                                          40.2 (38.8--44.8)
  FEV~1~ (% predicted)      71.7 (24.6)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}         43.2 (11.0)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}         88.1 (9.3)                                                 86.7 (12.4)                                                89.9 (12.5)                                                97.1 (5.6)
  FVC (% predicted)         85.1 (16.0)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}         70.5 (12.5)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}         90.8 (9.5)                                                 94.2 (9.1)                                                 95.6 (12.8)                                                100.7 (8.4)
  FEV~1~/FVC (%)            75.4 (52.6--82.3)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}   45.7 (40.6--57.8)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}   80.6 (6.2)                                                 79.6 (5.8)                                                 80.7 (6.0)                                                 84.6 (78.2--87.7)
  DLCO (% predicted)        71.5 (13.0)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}         58.2 (7.9)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}          80.9 (6.5)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}    83.4 (6.8)                                                 75.0 (8.2)[\*](#tfn2-copd-13-3777){ref-type="table-fn"}    91.1 (6.4)
  mPAP (mm Hg)              45.3 (36.7--59.8)                                                36.2 (6.9)                                                       65.5 (20.2)                                                58.5 (15.4)                                                52.0 (14.8)                                                --
  PCWP (mm Hg)              10.9 (9.1--13.4)                                                 11.0 (2.8)                                                       10.3 (2.5)                                                 12.2 (2.7)                                                 10.8 (3.0)                                                 --
  mRAP (mm Hg)              8.5 (2.4)                                                        9.3 (2.1)                                                        8.9 (2.6)                                                  7.5 (2.1)                                                  7.9 (2.5)                                                  --
  CI (L/min/m^2^)           2.8 (0.4)                                                        3.0 (0.4)                                                        2.6 (0.6)                                                  2.7 (0.5)                                                  2.9 (0.3)                                                  --
  PVR (WU)                  7.9 (4.0)                                                        4.1 (1.0)                                                        10.7 (3.3)                                                 9.7 (2.7)                                                  10.4 (2.8)                                                 --

**Note:** Data are shown as mean (SD) or median (interquartile range),

*P*\<0.05 compared with healthy controls.

**Abbreviations:** CI, cardiac index; COPD-PH, chronic obstructive pulmonary disease-related pulmonary hypertension; CRP, C-reactive protein; CTEPH, chronic thromboembolic pulmonary hypertension; DLCO, diffusion capacity for carbon monoxide; eGFR, estimated glomerular filtration rate; FEV~1~, forced expiratory volume in 1 second; FVC, forced vital capacity; IPAH, idiopathic pulmonary arterial hypertension; mPAP, mean pulmonary arterial pressure; mRAP, mean right atrial pressure; PAH-CTD, connective tissue disorder-associated pulmonary arterial hypertension; PaCO~2~, partial pressure of arterial carbon dioxide; PaO~2~, partial pressure of arterial oxygen; PCWP, pulmonary capillary wedge pressure; PH, pulmonary hypertension; PVR, pulmonary vascular resistance; WU, Wood units.

###### 

Cox survival analysis of the COPD-PH cohort

  Variables                 Univariate model       Multivariate model                          
  ------------------------- ---------------------- -------------------- ---------------------- -------
                                                                                               
  Age (year)                1.050 (0.943--1.169)   0.377                --                     --
  BMI (kg/m^2^)             1.053 (0.86--1.286)    0.617                0.973 (0.734--1.290)   0.849
  eGFR (mL/min/1.73 m^2^)   0.995 (0.968--1.023)   0.730                0.975 (0.927--1.026)   0.334
  CRP (mg/L)                1.016 (0.987--1.046)   0.289                1.033 (0.982--1.087)   0.213
  PO~2~ (mm Hg)             0.873 (0.791--0.963)   0.007                0.847 (0.726--0.987)   0.034
  PCO~2~ (mm Hg)            1.017 (0.958--1.079)   0.577                1.019 (0.945--1.099)   0.619
  FEV~1~ (% predicted)      0.969 (0.917--1.023)   0.255                0.904 (0.824--0.992)   0.032
  DLCO (% predicted)        0.992 (0.922--1.066)   0.820                1.091 (0.914--1.302)   0.336
  mPAP (mm Hg)              1.027 (0.952--1.107)   0.495                1.091 (0.961--1.239)   0.180
  miR-190a-5p               1.242 (0.973--1.586)   0.082                1.740 (1.053--2.875)   0.031

**Notes:** First, the prognostic potential of each individual variable was investigated by univariate Cox regression survival analysis. Second, all variables except age were analyzed by multivariate Cox regression survival analysis to identify independent prognostic factors.

**Abbreviations:** CRP, C-reactive protein; DLCO, diffusion capacity for carbon monoxide; eGFR, estimated glomerular filtration rate; FEV~1~, forced expiratory volume in 1 second; mPAP, mean pulmonary artery pressure; PaCO~2~, partial pressure of arterial carbon dioxide; PaO~2~, partial pressure of arterial oxygen.
